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Abstract

Zincblende half-metallic compounds such as CrAs, with large magnetic moments and high Curie
temperatures, are promising materials for spintronic applications. We explore layered materials,
consisting of alternating layers of zincblende half-metals, by first principles calculations, and find
that superlattices of (CrAs);(MnAs); and (CrAs)s(MnAs)s are half-metallic with magnetic mo-
ments of 7.0up and 14.0up per unit cell, respectively. We discuss the nature of the bonding and
half-metallicity in these materials and, based on the understanding acquired, develop a simple
expression for the magnetic moment in such materials. We explore the range of lattice constants
over which half-metallicity is manifested, and suggest corresponding substrates for growth in thin

film form.

PACS numbers: 73.22.-f, 61.48.4c, 73.20.Hb, 71.30.+h



With the successful syntheses of half-metallic (HM) zincblende (ZB) CrAs in thin film
form by Akinaga et al. [1], a unique class of spintronic materials has been born. This success
has stimulated further work to discover and understand other such transition metal com-
pounds [2-5] and layered structures [6-8]. Of particular interest for spintronic applications,
HM Cr and Mn pnictides have been found to possess large magnetic moments: 3.0up for Cr
and 4.0up for Mn compounds, per formula unit.

Here, we investigate layered materials composed of alternating layers of HM ZB CrAs and
MnAs: (CrAs);(MnAs); and (CrAs)(MnAs),. In particular, we investigate whether half-
metallicity is preserved in the layered structures, whether the magnetic moment is preserved,
the nature of the bonding and half-metallicity, and possible substrates for growth.

We employed an ultrasoft pseudopotential [9] planewave density functional [10] approach
[11], with generalized gradient approximation [12] to exchange and correlation. This ap-
proach has been shown to yield excellent agreement with all-electron calculations for the
compounds of interest here [5]. Metal 3d and 4s, and As 4s and 4p states were included in
valence. A planewave cutoff of 450 eV was used in all calculations. Increasing the planewave
cutoff from 450 eV to 650 eV resulted in changes in total energy of less than 1072 eV in
CrAs and MnAs calculations. The one-layer and two-layer structure Brillouin zones were
sampled using 1859 and 726 k-points [13], respectively. Increasing the number of k-points
from 726 to 2925 resulted in changes in total energy of less than 2 - 1072 eV in two-layer
structure calculations. Lattice constants were optimized, and atomic positions were relaxed
to within 0.06 eV/A in all cases.

Two layered structures, (CrAs);(MnAs); and (CrAs)s(MnAs),, were considered. The
conventional cell of the (CrAs);(MnAs), structure is shown in Fig. 1. The primitive cell is
tetragonal with 1 Cr, 1 Mn, and 2 As atoms. The ideal ZB position of the Cr atom is at
the lower left corner, represented by a small shaded circle. Mn and As atoms are indicated
by filled and open circles, respectively. The optimized lattice constant (5.70 A) is close to
the average of the optimized lattice constants of the constituent CrAs (5.66 A) and MnAs
(5.77 A) compounds [5]. This lattice constant applies also to the two-layer structure.

The calculated total and projected densities of states (DOS) for the (CrAs);(MnAs),
structure are shown in Fig. 2. The structure is half-metallic at its optimized lattice constant,
though only one of its constituents (CrAs) is (ZB MnAs being only nearly half-metallic at its

equilibrium lattice constant). The DOS shows much in common with those of the constituent



compounds [5]. Considering first the majority states, we find low-lying, isolated As-s states
at ~ —10 eV, followed by As-p—metal-d hybridized states in the vicinity of Er. Mn states
dominate the d manifold at lower energies, while Cr states dominate at higher, consistent
with nuclear charges. The metallicity is contributed mainly by Cr d states. The minority d
states are shifted significantly relative to the majority by the exchange interaction, with the
more localized, nonbonding e, states shifted substantially more than the strongly hybridized,
bonding t, states, opening a gap at E. Thus, as in the constituent compounds, the bonding
is mainly As-p—metal-d in nature and the minority-spin gap is opened up by virtue of the
substantially differing exchange splitting of ¢y, and e, manifolds. No interface states form in
the gap, and half-metallicity is manifested. The same general features are exhibited in the
two-layer structure. A comparison of key features of the electronic structure of both layered
structures and constituent compounds is given in Table I.

The calculated majority and minority valence charge densities in a plane containing a
Cr-As-Mn-As chain are shown in Fig. 3. The majority states show As-p-Mn-d bonding,
consistent with the hybridization exhibited in the majority DOS (Fig. 2). Also clear is the
substantial, strongly localized e, density at the metal atoms (with lobes along the vertical
axis), consistent with substantially lesser hybridization. The minority states also show As-
p-Mn-d bonding. However, here the specific ty, character at the metal atom is apparent,
consistent with the shift of the e, states completely above Er by the exchange interaction,
as manifested in the associated to, DOS (Fig. 2).

Because the layered materials are half-metallic and share a common minority electronic
structure with the constituent compounds (As-s and As-p-metal-t5, hybrid states completely
filled, metal-e, and all higher states completely unfilled), a simple relation may be developed
for their magnetic moments, analogous to that for the constituent compounds. Proceeding

as in Ref. [5], we have then
M = (Ziot — 2Nmin) i = (Ziot — 8Nas)iip (1)

for the magnetic moment per unit cell, M; where Z,,; is the total number of valence electrons,
N,,in is the number of occupied minority states, and N4, is the number of As atoms, per unit
cell. The 8 N4, on the right hand side of Eq. (1) follows from the fact that each minority As-s
state holds 1 electron while each minority As-p-metal-t,, hybrid state holds 3, for a total of
4 minority electrons per As atom. For the (CrAs);(MnAs); layered structure, Z;,; = 23 and



Nas = 2, and so Eq. (1) predicts a magnetic moment of 7up per unit cell; and similarly,
a magnetic moment of 14up per unit cell for (CrAs)y(MnAs),. The ab initio calculations
confirm exactly these values (Table I).

Of course, the increased magnetic moments for larger cells implied by Eq. (1) do not nec-
essarily imply increased saturation magnetizations (magnetic moment per unit volume). For
ZB CrAs, with a magnetic moment of 3.0up per unit cell (Table I), the saturation magne-
tization is 572.4 emu/cm?, which compares well with the measured value of 559.8 emu/cm?
[1]. For ZB MnAs, it is 763.2 emu/cm?®. The saturation magnetization for both superlattices
is 672.8 emu/cm?, approximately the average of the two constituents, due to the preserved
constituent-like minority electronic structure in the layered materials. More generally, we
find that the magnetic moment per unit cell of the layered materials is the sum of the mag-
netic moments per unit cell of the constituents, due to the preserved minority electronic
structure. And so it is not viable to modify the saturation magnetization of such materials
by adding layers; there is at most a small volume effect.

To determine possible substrates for growth of these layered materials, we carried out
calculations for a range of lattice constants. We find that between 5.60 A and 6.03 A, the su-
perlattices retain their integer magnetic moments (a necessary condition of half-metallicity).
This range spans the experimental lattice constants of AlAs (5.62 A), GaAs (5.65 A), InAs
(6.04 A), and InP (5.81 A) [14]. Growth with minimal strain might therefore be accom-
plished on AlAs, GaAs, or InP.

In summary, we find layered structures of (CrAs);(MnAs); and (CrAs),(MnAs), to be
half-metallic using ab initio electronic structure methods. We find the bonding and half-
metallicity are fundamentally the same as in the constituent ZB compounds; and further find
that due to the nature of the bonding, the magnetic moment per unit cell of such materials
can be predicted exactly by a simple expression (Eq. (1)). These materials are expected to
grow in thin film form, as have ZB CrAs and MnSh. We determined the range of lattice
constants consistent with half-metallicity in these materials and suggested corresponding
substrates for growth.
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TABLE I: Calculated half-metallic properties of (CrAs);(MnAs); and (CrAs)2(MnAs), superlat-
tices, and constituent ZB compounds. DOS at Ef is the density of states at the Fermi energy in
the majority channel, F, is the gap in the minority channel, and M is the magnetic moment. All

results are per primitive unit cell.

Sample DOS at Ep E, (eV) M (up)

(states/eV-spin)

(CrAs);(MnAs); 1.94 1.65 7.0
(CrAs)s(MnAs)s 3.47 1.62 14.0
CrAs® 0.85 1.85 3.0
MnAs® 0.77 1.70 4.0
“Ref. [5].



Figure captions:

Figure 1. (CrAs); (MnAs); superlattice conventional cell.

Figure 2. Calculated total and projected densities of states of (CrAs);(MnAs); at the
optimized lattice constant. The material is half-metallic. As-p and metal-d states show
significant hybridization, and Cr d states contribute most strongly to the metallicity.

Figure 3. Calculated majority- and minority-spin valence charge densities of
(CrAs);(MnAs); in a plane containing a Cr—As—Mn—As chain. Contours are equally spaced
in both plots. Both majority and minority densities show As-p-metal-d bonding. The ma-
jority density shows substantial, strongly localized e, character at the metal atoms, notably

absent in the minority density which exhibits clear ¢y, character.
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